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I. 


SUMMARY 


The  purpose  of  this  program  was  to  examine  the  relationship  between 
the  defect  chemistry  of  Pb(Zr.  j^Tij^)0,,  PZT,  with  certain  electrical 
properties,  particularly  the  loss  of  switchable  polarization  after 
many  ferroelectric  switching  cycles,  commonly  called  "fatigue". 
This  included  a  study  of  the  defect  chemistry  of  PZT,  a 
determination  of  the  effects  of  dopants  on  fatigue,  and  the  design 
and  construction  of  an  electric  field  stage  so  that  domain 
switching  could  be  observed  directly  in  the  transmission  electron 
microscope.  All  of  these  were  successfully  accomplished. 

The  defect  chemistry  of  PZT  proved  to  be  considerably  more 
complicated  than  anticipated,  based  on  the  established  defect  model 
for  the  alkaline  earth  titanates  BaTiOj  and  SrTiO^.  The  trapping 
of  holes  proved  to  be  important  in  all  of  these  materials  even  at 
equilibration  temperatures  (500-900°C)  ,  and  the  trapping  of 
electrons  is  also  apparently  important  in  PZT.  New  experimental 
techniques  had  to  be  developed  in  order  to  clarify  these  added 
complications.  The  results  correlated  very  well  with  work  done  at 
Sandia  National  Laboratories  using  electron  paramagnetic  resonance 
and  optical  spectroscopy.  The  so-called  "inert  pair"  of  electrons 
on  the  Pb*^  ion,  the  two  6s  electrons,  clearly  have  a  strong 
influence  on  the  properties  of  the  lead-based  systems. 


As  expected,  doping  has  a  strong  effect  on  polarization  fatigue. 
It  was  demonstrated  that  acceptor  dopants  reduced  the  fatigue  life, 
while  donor  dopants  increased  it.  This  is  in  accord  with  the  fact 
that  the  oxygen  vacancy  concentration  is  increased  by  acceptor 
doping,  and  decreased  by  donor  doping.  However,  the  results  do  not 
distinguish  between  the  transport  of  oxygen  vacancies  or  of  trapped 
holes  as  the  deleterious  migrating  species,  since  for  the  same 
equilibration  conditions,  the  trapped  hole  concentration  will 
increase  with  increasing  oxygen  vacancy  concentration.  It  has 
recently  been  shown  at  Sandia  that  fatigued  samples  can  be  restored 
to  their  unfatigued  state  by  optical  illumination,  and  this 
suggests  that  the  movement  of  holes  is  at  least  a  major 
contributing  factor  to  fatigue. 


In  the  third  phase  of  the  program,  an  electric  field  stage  for  the 
transmission  electron  microscope  was  constructed  to  our 
specifications  by  Gatan,  Inc.  After  a  few  modifications,  direct 
observation  of  domain  switching  was  achieved.  The  results  have 
been  stored  on  video  tape  and  were  demonstrated  at  several 
international  symposia.  However,  it  has  proved  to  be  very 
difficult  to  mount  the  electroded  samples  with  electrical 
connections  in  the  field  stage.  The  samples  break  very  easily,  and 
the  yield  of  successful  experiments  is  small. 
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II. 


THE  DEFECT  CHEMISTRY  OF  PZT 


A.  Experimental  Results  and  the  Defect  Model 

It  was  initially  anticipated  that  the  defect  chemistry  of  PZT  would 
be  essentially  identical  with  the  established  model  for  the 
alkaline  earth  titanates  such  as  BaTiO,  and  SrTiO^  (1-5).  However, 
three  new  aspects  of  the  defect  behavior  were  discovered.  First, 
it  was  realized  that  the  existing  model  for  the  perovskite 
titanates  was  incomplete  in  that  it  ignored  the  trapping  of  holes 
under  equilibrium  conditions.  This  was  always  a  bit  of  a  puzzle, 
because  hole-trapping  near  room  temperature  is  an  essential 
requirement  for  the  observed  insulating  properties  of  these 
materials.  The  acceptor  trap  depth  necessary  to  achieve  this 
behavior  should  be  large  enough  to  insure  substantial  trapping  even 
at  equilibration  temperatures  up  to  1000®C,  but  the  model  seemed  to 
work  very  well  with  the  assumption  that  hole-trapping  is  negligible 
at  those  temperatures.  However,  Waser  has  since  demonstrated  that 
major  amounts  of  hole-trapping  can  be  included  in  the  model  without 
destroying  its  basic  features  (6)  .  This  still  needed  to  be 
verified  experimentally  since  the  usual  equilibrium  conductivity 
measurements  are  blind  to  this  phenomenon.  The  second  difference 
is  that  the  hole  mobility  in  PZT  is  thermally-activated,  whereas 
the  hole  conduction  in  the  alkaline  earth  titanates  appears  to  be 
band-type,  and  there  is  no  evidence  for  thermal  activation  (5) . 
This  different  behavior  for  hole  transport  in  PZT  is  attributed  to 
the  different  electronic  structure  of  the  Pb*^  ion,  as  will  be 
discussed.  Finally,  there  is  strong  evidence  for  significant 
electron-trapping  in  reduced  and  in  donor-doped  PZT.  This  is 
completely  different  from  the  behavior  of  BaTiOj  and  SrTiOj  where 
electron  transport  is  clearly  by  band  conduction. 

The  older  defect  model  for  the  perovskite  titanates  was  based  on 
measurements  of  the  equilibrium  electrical  conductivity  as  a 
function  of  temperature  and  oxygen  activity,  PCOj^)  .  The  results  of 
such  measurements  on  BaTiOj  and  PZT  are  shown  in  Figs.  1  and  2. 
[All  of  our  PZT  samples  had  the  composition  Pb  (Zr,/2'^i,/2)  O3]  •  Only 
the  p-type  behavior  at  high  values  of  P(02)  are  shown  for  PZT;  the 
behavior  under  more  reducing  conditions  will  be  discussed  later. 
In  the  p-type  region,  the  behavior  is  seen  to  be  very  similar  with 
a  log  slope  of  +1/4.  These  results  were  fit  to  a  reduction 
reaction 


(1) 


Oo  I/2O2  +  v;  +  2e" 


and  an  oxidation  reaction 
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(2) 


1/202  +  Vj'  =:±r  0^,  +  2h 


The  reduction  reaction  is  straightforward;  it  leads  to  the 
formation  of  oxygen  vacancies,  a  well-established  defect,  and 
electrons ,  which  are  favored  in  these  compounds  because  of  the 
presence  of  the  reducible  cation  Ti*^.  However,  the  oxidation 
reaction  requires  an  extrinsic  source  of  oxygen  vacancies,  due  to 
either  naturally-occurring  or  deliberately-added  acceptor 
impurities,  or  cation  nonstoichiometry  such  as  a  deficiency  of  PbO 
in  PZT.  Otherwise,  oxidation  would  be  expected  to  be  extremely 
difficult,  because  of  the  absence  of  an  oxidizable  species  (except 
in  the  case  of  Pb*^)  and  the  unfavorable  nature  of  the  intrinsic 
lattice  defects  formed  by  oxidation,  either  oxygen  interstitials  or 
A-  or  B-site  vacancies.  The  presence  of  extrinsic  oxygen  vacancies 
gives  an  easy  mechanism  for  the  incorporation  of  a  stoichiometric 
excess  of  oxygen  without  requiring  a  crystallographic  excess.  In 
no  case  observed  to  date  has  the  stoichiometric  excess  of  oxygen 
been  sufficient  to  consume  all  of  the  extrinsic  oxygen  vacancies  in 
acceptor— excess  material. 

The  enthalpies  of  the  oxidation  and  reduction  reactions  were 
obtained  from  the  temperature  dependences  of  the  equilibrium 
conductivities  in  the  appropriate  regions  (1,2).  In  BaTiOj  the 
enthalpy  of  reduction  is  5.90  eV,  and  the  enthalpy  of  oxidation  is 
0.92  eV.  The  low  value  for  the  latter  reflects  the  ease  of 
accommodating  the  excess  oxygen  in  the  lattice.  The  algebraic  sum 
of  Eqs.  (1)  and  (2)  gives  twice  the  intrinsic  ionization  reaction 

(3)  nil  e*^  +  h' 


Thus  the  band  gap  at  0  K  for  BaTiOj  (or  enthalpy  of  intrinsic 
ionization)  should  be  (5.90  +  0.92)/2  =  3.41  eV,  and  this  is 
confirmed  from  the  temperature  dependence  of  the  conductivity 
minima.  This  indicates  that  there  is  no  temperature  dependence  for 
the  concentration  of  oxygen  vacancies  near  the  conductivity  minima, 
and  this  is  expected  since  they  result  from  an  extrinsic  source. 
This  model  was  also  found  to  be  consistent  with  the  results  of 
thermopower  measurements  (5).  It  is  summarized  in  a  schematic 
diagram  shown  in  Fig .  3 . 

The  problem  with  the  model  just  described  is  that  hole  traps  at 
least  0.5  eV  deep  are  rec[uired  to  explain  the  insulating  behavior 
of  these  materials  near  room  temperature.  But  the  value  of  the 
term  exp(-0. 5/kT)  at  800°C  is  0.005,  indicating  a  comparably  small 
fractional  ionization  of  the  trapped  holes  even  under  equilibration 
conditions.  Waser  showed  that  this  can  be  incorporated  into  the 
original  model  without  distorting  its  essential  features  (6)  .  This 
led  to  the  defect  diagram  shown  in  Fig.  4,  where  it  is  seen  that 
the  major  hole  species  produced  by  oxidation  is  the  trapped  hole. 
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and  that  it  also  has  a  log  slope  of  +1/4.  This  means  that  the  main 
oxidation  reaction  is 


(4) 


I/2O2  +  V”+  2A 


i 


Oq  +  2A'‘ 


where  A'^is  a  charged  acceptor  center,  and  A*  is  an  acceptor  center 
with  a  trapped  hole.  Thus  Eg.  (1)  is  the  oxidation  reaction  to 
form  free  holes,  whose  enthalpy  is  determined  by  the  temperature 
dependence  of  the  equilibrium  conductivity,  while  Eq.  (4)  is  the 
oxidation  reaction  to  form  trapped  holes.  The  two  oxidation 
reactions  are  linked  by  the  ionization  reaction 


(5)  A’*  "r- . A^+  h‘ 


If  the  enthalpy  of  either  the  ionization  reaction,  or  of  the 
oxidation  reaction  to  form  trapped  holes  can  be  determined,  the 
other  enthalpy  can  be  obtained  with  the  help  of  the  enthalpy  of 
oxidation  to  form  free  holes,  which  is  known. 

A  way  to  measure  the  enthalpy  of  oxidation  to  form  trapped  holes 
was  developed.  It  is  based  on  the  mass-action  expression  for  Eq. 
(4),  solved  for  the  equilibrium  PCOj)  . 

(6)  P(02)  =  {[Oo]/K^,[Vj^]}2{[A^]/[A^]}Sxp(2ZSH^/kT) 


If  the  equilibrium  oxygen  activity,  P(02)  ,  can  be  measured  as  a 
function  of  temperature  while  keeping  all  of  the  other  terms 
unchanged,  then  the  enthalpy  of  Eq.  (4),  Zi  H  ,  can  be  determined 
directly.  The  only  term  that  might  vary  is  [A^] ,  the  concentration 
of  trapped  holes.  If  the  experiment  is  carried  out  in  a  sealed 
cell,  as  shown  in  Fig.  5,  with  a  large  sample  mass,  and  a  very 
small  gas  volume,  then  the  amount  of  oxygen  that  must  enter  or 
leave  the  sample  to  maintain  equilibrium  can  be  relatively  small. 
In  our  experiments,  it  was  estimated  that  [A*]  was  kept  constant  to 
better  than  1%. 

As  shown  in  Fig.  5,  the  components  of  the  cell  are  hermetically 
sealed  together  by  means  of  glass  gaskets  that  soften  and  deform^ in 
the  experimental  temperature  range.  The  lid  is  a  disk  of  yttria- 
doped  zirconia,  with  platinum  electrodes  on  both  sides,  that  serves 
as  an  electrochemical  oxygen  sensor.  The  oxygen  activity  inside 
the  cell  is  determined  from  the  emf  of  the  oxygen  concentration 
cell  by  means  of  the  Nernst  equation 

(7)  E  =  [RT/4F]ln[P(02)/P(02n 
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where  F  is  the  Faraday  constant,  PCOj)  is  the  activity  inside  the 
cell  and  PCOj)  is  the  activity  in  the  surrounding  air.  Results  for 
PZT  are  shown  in  Fig.  6.  If  hole-trapping  were  negligible,  the 
enthalpy  determined  from  this  experiment  should  be  similar  to  that 
obtained  from  the  equilibrium  conductivity,  which  is  0.74  eV. 
However,  the  enthalpy  determined  by  the  constant  concentration 
experiment  not  only  does  not  have  the  same  numerical  value,  it  is 
even  of  opposite  sign,  -0.49  eV.  This  a  clear  indication  that 
hole-trapping  is  indeed  of  major  importance. 


Additional  experiments  are  necessary  in  order  to  obtain  all  of  the 
pertinent  thermodynamic  parameters.  This  is  particularly  true 
because  of  a  previous  report  that  the  hole  mobility  in  PZT  is 
thermally- activated  (7) .  Two  additional  experimental  techniques 
were  used  in  this  study.  The  first  is  measurement  of  the 
thermoforce  (Seebeck  coefficient)  as  a  function  of  temperature 
under  equilibrium  conditions.  The  second  is  the  measurement  of 
the  equilibrium  conductivity  as  a  function  of  temperature  under 
conditions  of  constant  composition  in  the  sealed  cell. 

Results  of  the  thermoforce  measurements  are  shown  in  Fig.  7.  It  is 
seen  that  the  composite  enthalpy  depends  on  the  value  of  PCOj)  with 
which  the  sample  was  equilibrated  during  the  experiment.  This  is 
caused  by  the  substantial  contribution  to  the  thermoforce  made  by 
electrons  well  into  the  p-type  region.  In  order  to  avoid  this 
problem,  the  measurements  shown  in  Fig.  7  were  made  on  a  heavily 
acceptor-doped  sample  in  order  to  move  the  p-n  transition  to  as  low 
a  PCO,)  as  possible.  The  composite  enthalpy  seems  to  be  drifting 
toward  that  obtained  for  PCO,)  =  1  atm,  which  was  taken  as  the  best 
value.  The  thermoforce  is  directly  related  to  the  carrier 
concentration,  except  for  as  additive  transport  factor. 
Fortunately  that  factor  is  zero  for  small  polaron  conduction,  which 
appears  to  be  the  case  for  PZT.  The  fact  that  the  apparent 
enthalpy  for  oxidation  to  form  free  holes,  obtained  from  the 
equilibrium  conductivity  measurements,  is  larger  than  the  enthalpy 
for  the  carrier  concentration,  obtained  from  the  thermoforce 
measurements,  indicates  that  there  is  an  enthalpy  for  the  hole 
mobility,  i.e.  it  is  thermally-activated. 

The  measurement  of  the  equilibrium  conductivity  at  constant 
composition  requires  a  more  complex  sealed  cell  in  order  to  connect 
all  of  the  electrical  leads.  A  schematic  diagram  of  the  cell  used 
in  our  experiments  is  shown  in  Fig.  8.  In  order  to  keep  all  of  the 
cell  components  properly  aligned,  the  stack  was  enclosed  in  an 
outer  alumina  tube  whose  ID  was  only  slightly  larger  than  the  cell 
OD.  The  system  was  flooded  with  a  gas  having  the  desired  P(02)  , 
and  when  the  experimental  temperature  was  reached,  the  assembly  was 
gently  pressed  together  with  a  push— rod  in  order  to  achieve  a 
hermetic  seal.  The  glass  gaskets  were  chosen  to  soften  in  the 
desired  temperature  range,  and  their  softening  range  limited  the 
temperature  excursion  of  the  experiment.  The  successful 

achievement  of  a  hermetic  seal  was  indicated  by  the  reversibility 
of  the  measurements.  Since  the  gaskets  cracked  when  the  cell  was 


5 


cooled  to  room  temperature,  each  experiment  required  a  new  cell 
assembly.  The  results  of  such  an  experiment  are  shown  in  Fig.  9. 

All  of  these  experiments  give  different  combinations  of  enthalpy 
terms  as  shown  in  Table  I  for  PZT.  These  lead  to  the  individual 
enthalpies  shown  in  Table  II.  (Both  Tables  are  on  the  following 
page. )  There  are  three  independent  enthalpies,  and  four  sets  of 
their  combinations,  so  the  results  are  over-determined  by  one 
relationship.  It  is  comforting  to  see  that  the  same  values  are 
obtained  from  different  combinations  of  the  experimental  results. 


Because  of  the  importance  of  the  concept  of  hole-trapping  at  the 
equilibration  temperatures,  constant  compcsition  measurements  have 
also  been  performed  on  BaTiOj,  SrTiOj,  and  CaTiOj  as  of  a 
separately  supported  project.  The  results  were  similar  and 
confirmed  that  in  all  of  these  compounds,  trapped  holes  are  the 
major  hole  species  that  result  from  a  stoichiometric  excess  of 
oxygen . 


B.  Practical  Implications 

The  amount  of  excess  oxygen  in  oxidized  samples  is  directly 
proportional  to  the  concentration  of  excess  hole  species.  The 
concentration  of  trapped  holes  exceeds  that  of  free  holes,  as 
determined  from  equilibrium  conductivity  and  thermo force 
measurements,  and  therefore,  the  amount  of  excess  oxygen  is  larger 
than  previously  thought. 

The  negative  enthalpy  of  oxidation  to  form  trapped  holes  indicates 
that  the  concentration  of  trapped  holes,  and  hence  of  excess 
oxygen,  increases  with  decreasing  temperature,  the  opposite  of  the 
deduction  made  from  the  conductivity  measurements  alone.  The 
equilibrium  conductivity  increases  with  increasing  temperature 
because  of  an  increasing  ionization  of  a  decreasing  population  of 
trapped  holes.  The  trapped  hole  concentration  decreases  with 
increasing  temperature  with  an  activation  enthalpy  of  = 

-0.79/2  =  -0.40  eV,  while  their  fractional  ionization  increases  as 
the  trap  depth,  +0.70  eV.  Early  attempts  to  measure  the  amount  of 
excess  oxygen  by  thermogravimetry  focused  on  the  highest  possible 
temperatures  in  the  misguided  opinion  that  this  was  the  region  of 
highest  nonstoichiometry.  It  is  now  apparent  that  that  is  the 
wrong  direction. 

The  concentration  of  trapped  holes  in  quenched  samples  is  not  just 
the  concentration  of  free  holes  under  equilibrium  conditions,  but 
is  the  sum  of  all  hole  species,  essentially  the  trapped  hole 
concentration,  a  much  larger  number.  This  has  implications  for 
fatigue  if  the  migration  of  trapped  holes  is  a  significant  factor, 
as  now  seems  likely. 

At  room  temperature,  the  transition  from  a  p-type  insulator,  for 
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TABLE  I.  Summary  of  Arrhenius  Analysis  Results  for  the  Various 
Equilibrium  Techniques 


Technique 

Thermodynamic  Parameters 

Enthalpy 

Equilibrium  Cond. 

^'Hox/2  +  \  + 

0.74  eV 

Thermopower 

4Hox/2  +  E* 

0.45 

Const.  Comp.  P(02) 

AH,, 

-0.49 

Const .  Comp .  Cond . 

Ea  +  Ah„ 

0.98 

TABLE  II.  Thermodynamic  Parameters  for  Defect  Formation  and 
Electronic  Transport  in  PZT 

E.  AH, 

-0.49  eV  0.70  eV  0.29  eV 
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samples  equilibrated  at  high  P(02),  to  an  n-type  semiconductor,  for 
samples  equilibrated  at  low  P(02),  does  not  occur  at  the 
equilibrium  conductivity  minima,  which  are  defined  by  the 
intersection  of  the  concentration  of  free  electrons  with  that  of 
free  holes.  It  occurs  at  the  intersection  of  all  electron  species 
with  all  hole  species.  In  the  case  of  BaTiOj,  this  corresponds  to 
the  intersection  of  free  electrons  with  trapped  holes,  and  this 
occurs  far  below  the  conductivity  minima.  This  explains  why  the 
Japanese  manufacturers  of  multilayer  ceramic  capacitors  with  base- 
metal  electrodes,  e.g.  nickel,  can  fire  their  capacitors  in  H2-N2 
mixtures  and  still  retain  an  insulating  dielectric.  This  woulci 
have  been  much  too  reducing  if  the  insulator-semiconductor 
transition  corresponded  to  the  conductivity  minima. 

C.  Charge  Transport  in  Quenched  Samples 

While  equilibration  at  elevated  temperatures  establishes  the  state 
of  nonstoichiometry  and  the  general  levels  of  defects,  charge 
transport  in  quenched  samples  at  lower  temperatures  is  of  much  more 
interest  for  applications.  An  example  of  such  measurements  for 
BaTiOj,  made  for  another  project,  is  shown  in  Fig.  10.  Samples 
were  equilibrated  at  either  800  or  1000°C  in  various  P(02)s,  and 
then  quenched  by  rapid  withdrawal  from  the  hot  zone  of  the  furnace. 
Conductivities  were  then  measured  in  the  range  250-350®C  by  ac 
impedance  analysis.  At  these  temperatures,  the  conductivities  were 
still  high  enough  to  measure  conveniently,  but  equilibration  times 
were  slow  enough  to  avoid  any  compositional  changes  during  the 
measurements.  The  impedance  analysis  technique  was  used  to  obtain 
bulk  values  of  the  conductivity,  by  excluding  the  effects  of 
electrode  interfaces  and  grain  boundaries. 

For  equilibration  at  the  highest  P(62)  values,  the  log  slope  is 
+1/4  with  an  activation  energy  of  about  0.7  eV.  These  are  both 
charactersistic  of  oxygen-excess  p-type  conductivity,  with  the 
activation  energy  corresponding  closely  to  the  measured  depth  of 
the  hole  traps.  At  lower  values  of  P(02)  the  conductivity  is 
independent  of  P(02)  and  has  an  activation  energy  of  about  1  eV. 
These  correspond  to  what  is  expected  for  oxygen  vacancy  conduction, 
with  the  activation  energy  being  attributed  to  the  enthalpy  of 
motion  of  the  vacancies.  The  increased  prominence  of  ionic 
conduction  in  the  low  temperature  range  is  caused  by  the  more  rapid 
drop  of  the  electronic  conductivity  minimum,  which  has  an 
activation  energy  of  half  the  band  gap,  3.4/2  =  1.7  eV,  than  that 
of  the  ionic  conductivity,  which  has  an  apparent  activation  energy 
equal  to  the  enthalpy  of  motion,  about  1  eV.  It  should  be  recalled 
that  these  are  ac  measurements.  Under  dc  conditions,  this  ionic 
component  would  be  expected  to  rapidly  polarize.  At  the  lowest 
values  of  P(02)  the  conductivity  rises  abruptly,  indicating  that 
the  transition  from  the  insulating  to  the  semiconducting  state  has 
occurred.  Note  that  this  transition  occurs  at  P(02)  values  far 
below  those  at  the  conductivity  minima,  in  accord  with  the 
preceding  discussion  of  the  influence  of  trapped  holes. 

Similar  results  are  shown  for  PZT  in  Fig.  11.  In  this  case  there 


is  no  observable  p-type  region  at  high  PCOj)  ,  but  there  is  a  long 
plateau  with  an  activation  energy  of  about  1  eV  that  is  assumed  to 
be  ionic  conduction.  Below  about  10*’^  atm,  the  conductivity  rises 
rapidly  with  further  reduction,  as  would  be  expected  for  n-type 
conductivity.  There  are  several  points  of  interest  in  this  region. 
First  of  all,  the  conductivity  levels  are  an  order  of  magnitude  or 
more  lower  than  the  values  measured  at  the  equilibration 
temperature  of  700°C.  Secondly,  there  is  a  distinct  temperature 
dependence  for  the  quenched  conductivity,  with  an  apparent 
activation  energy  of  about  1  eV,  Both  of  these  observations  would 
be  consistent  with  the  localization  of  the  electrons  in  fairly  deep 
traps.  Further  infomnation  has  been  obtained  by  measurement  of  the 
equilibrium  oxygen  activity  as  a  function  of  temperature  at 
constant  defect  concentrations  in  the  presumed  n-type  region,  using 
the  sealed  cell  technique.  The  results  are  shown  in  Fig.  12.  The 
measured  enthalpy,  2.8  eV,  is  very  low  compared  with  the  enthalpies 
of  reduction  for  BaTiO^  and  SrTiOj,  e.g.  5.90  eV  for  the  former. 
This  suggests  that  the  electrons  are  trapped,  rather  than  being 
required  to  be  at  higher  energies  in  the  conduction  band.  Thus  the 
measured  enthalpy  is  most  likely  that  for  reduction  with  the 
formation  of  trapped  electrons 


(8) 


Oq  +  2Ti,.  :=^=^  I/2O2  +  \  +  2Ti'. 


where  it  has  been  assumed  that  the  electrons  are  trapped  on  Ti  ions 
in  the  form  of  Ti*^.  An  estimate  of  the  electron  trap  depth,  E^, 
can  be  obtained  by  combination  of  the  enthalpies  of  oxidation  with 
the  formation  of  trapped  holes.  Eg.  (4),  the  ionization  of  trapped 
holes,  Eq.  (5) ,  reduction  with  the  formation  of  trapped  electrons, 
Eq.  (8) ,  and  ionization  across  the  band  gap,  Eq.  (3) .  This  gives 
the  relationship 


(9)  E,  =  Eg  -  E,  -  +^H,,d)/2 

where  A  is  the  enthalpy  of  Eq.  (8).  If  the  band  gap.  Eg,  is 
taken  to  be  about  3.1  eV  then  this  gives  an  apparent  electron  trap 
depth,  Ep,  of  about  1.2  eV.  This  is  in  reasonable  agreement  with 
the  theoretical  calculations  of  Robertson  (8) ,  which  indicate  the 
Ti*^  should  be  a  deep  electron  trap,  probably  more  than  1  eV  below 
the  conduction  band.  Combination  of  the  reduction  reaction  with 
the  formation  of  trapped  electrons,  and  the  ionization  reaction  for 
the  trapped  electrons,  yields  an  enthalpy  of  reduction  with 
formation  of  free  holes  of  5.3  eV  in  PZT,  and  this  is  reasonably 
close  to  the  values  found  for  the  alkaline  earth  titanates.  While 
each  bit  of  evidence  for  significant  electron-trapping  in  PZT  is 
rather  circumstantial,  taken  as  a  whole  they  make  a  rather 
convincing  case.  This  represents  a  significant  difference  from  the 
behavior  of  electrons  in  the  alkaline  earth  titanates.  It  also 
suggests  that  there  is  no  semiconducting  behavior  in  PZT,  but  that 
it  is  an  insulator  regardless  of  the  equilibration  conditions. 
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These  results  indicate  that  the  defect  diagram  for  PZT  may  have  to 
be  modified  as  shown  in  Fig.  13.  The  final  thing  to  be  noted  about 
the  data  is  that  the  P(02)  dependence  of  the  conductivity  in  the 
presumed  n-type  region  is  approximately  linear,  which  is  much  too 
steep  to  be  explained  by  any  straightforward  defect  model. 

D.  Pb"^^  and  Ti*^  Centers 

The  transport  properties  that  we  have  observed  for  PZT  correlate 
very  well  with  experimental  observations  of  Warren  at  the  Sandia 
National  Laboratories,  and  the  theoretical  calculations  of 
Robertson  at  Cambridge  University.  Warren  has  observed  by  electron 
paramagnetic  resonance  that  after  PZT  has  been  illuminated  with 
band  gap  light  there  are  distinct  signals  for  Pb*  and  Ti  centers 
(9)  .  These  centers  are  stable  at  cryogenic  temperatures,  e.g.  2^5 
K,  but  decay  within  a  few  hours  at  room  temperature.  The  Pb 
center  can  be  attributed  to  the  specific  electronic  structure  of 
the  Pb"^^  cation.  This  is  one  of  the  three  so-called  "inert^^pair 
cations,  the  others  being  the  bracketing  cations  Tl*  and  Bi  .  In 
all  of  these  cations,  the  two  6s  electrons  are  retained  by  the  ion. 
These  electrons  are  usually  located  in  a  directional  orbital  that 
influences  the  structure  of  their  compounds.  The  existence  of 
these  electrons  makes  possible  the  trapping  of  a  hole,  the 
equivalent  of  the  loss  of  one  of  these  electrons.  (It  is 
interesting  to  note  that  all  three  of  these  "inert  pair"  cations 
are  important  components  of  many  of  the  high  T^.  superconducting 
cuprates,  along  with  the  cation  of  the  preceding  element,  (Hgj)  , 
which  has  the  equivalent  of  an  "inert  pair"  of  electrons,  although 
they  are  located  on  a  diatomic  cation.  Obviously  these  electrons 
have  a  strong  influence  on  the  electronic  properties  of  the 
compounds  of  these  cations.)  In  the  alkaline  earth  titanates,  the 
cations,  e.g.  Ba*^  and  Sr*^,  have  the  closed  shell  rare  gas 
electronic  structure,  and  the  removal  of  additional  electrons,  i.e. 
the  trapping  of  a  hole,  is  energetically  prohibitive. 

Theoretical  calculations  by  Robertson  indicate  that  the  top  of  the 
valence  band  in  PZT  is  about  equally  divided  between  Pb  6s  and  0  2p 
character  (8).  Apparently  in  the  presence  of  a  hole,  the  Pb  6s 
states  can  be  lifted  into  the  gap  to  form  a  shallow  hole  trap. 
After  illumination,  which  ionizes  electrons  and  holes  across  the 
gap  and  also  ionizes  holes  from  the  deep,  stable  traps,  both 
carriers  start  to  look  for  lower  energy  states.  Since  there  are 
Pb*^  and  Ti*^  cations  in  every  unit  cell,  these  are  usually  the  first 
traps  seen  by  both  carriers.  At  higher  temperatures,  the  holes  in 
the  Pb*^  centers  can  decay  by  recombination  with  the  electrons  in 
the  Ti*^  centers,  or  by  dropping  back  into  the  deep,  stable  traps 
represented  by  acceptor  centers.  With  two  modes  of  decay  for  the 
PJ3+3  Put  only  one  for  the  Ti*^,  it  is  to  be  expected  that  the  former 
will  decay  more  rapidly,  as  is  observed.  The  ability  of  Pb 

ions  to  serve  as  shallow  hole  traps  is  consistent  with  the 
thermally-activated  hole  mobility  observed  in  PZT.  Hole  conduction 
apparently  occurs  by  trap-mediated  hopping  between  Pb  cations. 

The  calculations  by  Robertson  also  indicated  that  Ti*^  should  behave 
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behave  as  a  deep  electron  trap,  with  levels  1  eV  or  more  below  the 
conduction  band.  This  accounts  for  the  Ti'^^  centers,  and  for  the 
apparent  trapping  of  electrons  in  PZT  equilibrated  in  reducing 
atmospheres.  There  are  no  comparable  centers  in  the  alkaline  earth 
titanates.  If  they  are  so  deep,  why  aren't  the  Ti*^  centers  more 
stable?  It  is  because  PZT  normally  has  a  net  acceptor  excess  due 
to  its  natually-occurring  impurity  content  or  to  loss  of  PbO.  Thus 
in  these  samples ,  the  Ti"^^  centers  exist  with  an  excess  of  trapped 
holes  and  eventually  disappear  by  recombination.  This  suggests 
that  Ti*^  should  be  stable  in  the  n-type  region.  Indeed ,  Warren  has 
observed  stable  Ti"^^  at  room  temperature  in  PLZT,  which  is  PZT  that 
is  donor-doped  with  La*^,  and  hence  has  an  excess  of  electron  states 
(10)  .  Thus  there  are  left-over  Ti"^^  centers  after  all  of  the  photo- 
induced  Pb*^  centers  have  been  consumed  by  recombination. 


III.  THE  EFFECT  OF  DOPING  ON  POIARIZATION  FATIGUE 


Fatigue  in  ferroelectric  nonvolatile  memories  is  defined  as  the 
loss  of  switchable  polarization  after  repeated  switching  cycles. 
Eventually  the  loss  becomes  so  great  that  the  sense  circuit  can  no 
longer  distinguish  between  a  switching  and  a  nonswitching  pulse, 
and  the  memory  effect  is  lost.  In  practice,  devices  are  expected 
to  withstand  10^^,  or  even  lo’^  switching  cycles  during  their  useful 
life.  In  PZT,  serious  fatigue  often  begins  after  about  10®-10 
cycles,  although  significant  improvement  has  been  achieved  by  the 
use  of  conducting  oxide  electrodes,  e.g.  RUO2  or  La^.^Sr^CoOj,  rather 
than  platinum. 

It  has  long  been  known  that  ferroelectric  ceramic  ^  capacitors 
degrade  under  temperature-voltage  stress  due  to  the  ^  migration  of 
oxygen  vacancies.  The  elegant  work  of  Waser  has  given  detailed 
information  on  this  process  (11,12).  The  capacitors  are  normally 
subjected  to  fields  of  the  order  of  10^  v/cm.  The  thin  film 
ferroelectric  memories  are  typically  switched  with  fields  of  about 
5  X  10^  v/cm,  about  a  factor  of  50  higher  than  the  fields  applied 
to  the  capacitors.  This  is  close  to  the  fields  with  which  the 
valve  metals  are  anodically  oxidized  to  grow  thin  dielectric  films 
for  electrolytic  capacitors.  In  that  case,  ionic  currents  of  the 
order  of  milliamps  per  cm^  flow  through  the  films.  At  these 
fields,  the  conductivity  is  no  longer  ohmic,  and  the  ionic  current 
depends  exponentially  on  the  applied  field.  Thus  it  is^  clear  that 
with  the  fields  used  to  switch  the  nonvolatile  memories,  oxygen 
vacancies  can  be  expected  to  be  mobile.  In  the  previous  section  it 
was  shown  that  the  conductivity  of  PZT  near  room  temperature 
contains  a  large  ionic  component. 

Based  on  the  preceding  arguments,  it  was  postulated  that 
polarization  fatigue  results  from  the  migration  of  oxygen 
vacancies.  Their  redistribution  could  result  in  nonuniform 
electrical  fields  within  the  films,  or  the  vacancies  might 
preferentially  locate  at  domain  walls,  hindering  their  movement. 
If  the  migration  of  vacancies  is  the  source  of  the  problem,  it 
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should  be  very  sensitive  to  impurity  doping,  since  that  strongly 
affects  the  oxygen  vacancy  concentration.  Acceptor-dopants,  which 
are  cations  that  have  a  smaller  charge  than  the  ion  they  replace, 
bring  less  oxygen  per  cation  into  the  structure,  and  are 
compensated  by  oxygen  vacancies 

(2Ti02)  , 

(10)  A2O3 - ^  2A^,.  +  30o  +  Vq 

Where  A2O3  is  the  oxide  of  a  generic  trivalent  cation,  A*^,  that 
substitutes  for  Ti*^  in  the  lattice.  It  is  to  be  understood  that 
A2O3  replaces  the  amount  of  Ti02  shown  in  parentheses  above  the 
reaction  arrow.  It  is  seen  that  acceptor-doping  increases  the 
oxygen  vacancy  concentration. 

Donor-dopants  have  a  greater  charge  than  the  ion  they  replace,  and 
thus  attempt  to  bring  more  oxygen  into  the  structure.  For  donor 
concentrations  less  than  about  0.5  atom  %  in  BaTi03,  the  excess 
oxygen  is  expelled  even  when  the  material  is  processed  in  air, 
leaving  behind  electrons  as  the  compensating  species 

(2TiO  )  / 

(11)  D2O5 - >  2D'.  +  40^  +  I/2O2  +  2e 


where  D2O5  is  the  oxide  of  a  generic  pentavalent  cation,  D*  ,  that 
substitutes  for  Ti*^.  This  results  in  semiconducting  properties 
that  are  of  no  interest  for  the  applications  with  which  we  are 
concerned.  For  higher  donor  concentrations  in  BaTi03,  there  is  a 
change  of  compensation  mechanism,  the  excess  oxygen  is  retained, 
and  the  major  compensating  defect  is  the  Ti  vacancy  (13) 

(4Ti02)  . 

(12)  2D2O5  +  5BaO  - >  SBagg  +  4D^j  +  V^.  +  150^ 


This  mechanism  gives  insulating  properties,  and  appears  to  be  the 
mode  of  donor  incorporation  in  oxidizing  atmospheres  for  the  other 
perovskite  titanates.  Since  the  donor  centers  bear  a  positive 
defect  charge,  the  positively  charged  oxygen  vacancies  are 
substantially  suppressed  by  their  presence. 

Thus  if  oxygen  vacancies  are  the  major  contributors  to  fatigue,  the 
acceptor-doping  should  increase  the  rate  of  fatigue,  while  donor¬ 
doping  should  delay  it.  This  hypothesis  has  been  tested  on  both 
thinned  BaTi03  ceramics  and  on  thin  film  PZT,  prepared  by  the  spin- 
on  sol-gel  process.  BaTi03  was  used  to  avoid  the  complication  of 
PbO-loss,  hence  giving  a  clearer  control  of  all  of  the  defect 
species.  The  sintered  BaTi03  samples  were  cut,  ground,  and 
polished  to  thicknesses  of  about  150-250  pm,  and  evaporated  gold 
electrodes  were  applied.  A  unipolar  switching  field  of  about  30 
kV/cm  was  applied  with  a  frequency  of  100-800  Hz.  The  results  are 
shown  in  Fig.  14  in  the  form  of  the  remanent  polarization,  measured 
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at  100  Hz,  vs.  the  number  of  switching  cycles.  The  undoped  samples 
are  known  to  contain  some  hundreds  of  ppm  of  net  acceptor  excess 
from  natural  sources.  The  0.1  %  A1  doping  should  moderately 
increase  the  oxygen  vacancy  content.  The  2  %  Ca  doping  was 
compos itionally  adjusted  so  that  the  Ca*^  would  substitute  for  Ti*^, 
where  it  acts  as  an  acceptor  (14)  .  This  is  a  strongly  acceptor- 
doped  composition,  and  the  oxygen  vacancy  concentration  should  be 
strongly  enhanced.  3  %  Nb  represents  a  heavy  donor-doping  and  the 
oxygen  vacancy  concentration  should  be  severely  suppressed.  The 
results  are  generally  in  line  with  expectations.  The  donor-doped 
sample  is  clearly  the  most  stable,  while  the  heavily  acceptor-doped 
sample  degrades  the  fastest.  The  undoped  and  lightly  acceptor- 
doped  samples  lie  in  between  these  extreme  behaviors. 

Similar  results  for  PZT  thin  films  are  shown  in  Fig.  15.  The  PZT 
films  were  made  from  three  spun-on  layers  and  were  about  230  nm 
thick.  The  fatigue  test  was  performed  with  bipolar  switching 
pulses  of  430  kV/cm  with  a  frequency  of  50-200  kHz.  Two  samples 
are  shown,  one  of  undoped  PZT,  the  other  of  PNZT  which  contained  5 
%  Nb  as  the  donor-dopant.  Once  again,  the  donor-doped  sample  was 
more  stable  than  the  undoped  sample,  although  the  distinction  is 
not  as  dramatic  as  in  the  case  of  the  thinned  BaTiO^  samples.  This 
is  most  likely  due  to  less  accurate  control  of  the  defect 
concentrations  due  to  the  uncertainty  of  the  amount  of  PbO  lost 
during  processing.  Although  the  compositions  were  compounded  with 
5%  excess  PbO,  there  is  undoubtedly  some  loss. 

Control  of  the  PbO  content  is  essential  for  the  effectiveness  of 
the  donor-dopants  in  PZT.  The  oxygen  vacancies  that  result  from 
the  loss  of  PbO 

(13)  Pbp,  +  Oo  PbO  +  Vp'J  +  V" 

can  accomodate  some  or  all  of  the  excess  oxygen  associated  with  the 
donor  dopant.  Then  the  lead  vacancies  effectively  serve  as  the 
compensating  defect,  and  the  effect  of  the  donors  is  reduced.  If 
the  PbO-loss  exceeds  the  donor  concentration,  then  the  materials 
act  as  excess  acceptor-doped  material,  and  the  donor  is  totally 
ineffective.  This  is  shown  schematically  in  Figs.  16  and  17,  which 
show  the  effect  of  increasing  donor  concentration  on  the  oxygen 
vacancy  concentration  for  two  cases.  In  the  first  case.  Fig.  16, 
the  amount  of  PbO-loss  is  held  below  the  background  acceptor 
impurity  content.  As  the  donor  concentration  exceeds  the  acceptor 
content  the  oxygen  vacancy  content  is  strongly  suppressed.  In  Fig. 
17,  the  PbO-loss  exceeds  the  background  acceptor  content.  The 
oxygen  vacancy  concentration  starts  out  at  a  higher  level,  and  it 
requires  much  higher  donor  concentrations  to  obtain  comparable 
suppression  of  the  oxygen  vacancy  concentration.  In  fact  the 
required  donor  concentration  can  easily  exceed  its  solubility 
limit.  Thus  it  is  absolutely  vital  to  control  the  PbO  content  in 
order  for  donor-doping  to  be  effective  in  improving  the  fatigue 
life. 
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It  has  recently  been  determined  by  Warren  at  the  Sandia  National 
Laboratories  that  fatigued  thin  films  of  PZT  can  be  rejuvenated  by 
photoexcitation  (10).  This  is  incompatible  with  the  hypothesis 
that  fatigue  is  primarily  due  to  the  migration  of  oxygen  vacancies. 
However,  this  does  not  alter  the  expectations  for  the  effects  of 
doping.  For  equivalent  equilibration  under  oxidizing  conditions, 
the  concentration  of  trapped  holes  will  increase  with  the 
concentration  of  extrinsic  oxygen  vacancies,  and  hence  with  the 
acceptor  content.  Thus  the  observation  that  fatigue  is  faster  in 
acceptor-doped  samples,  and  slower  in  donor-doped  samples,  does  not 
distinguish  between  oxygen  vacancies  and  trapped  holes  as  the 
critical  mobile  species.  It  is  possible  that  both  make  a 
contribution  that  may  depend  on  the  precise  composition  and 
processing  conditions. 


IV.  THE  OBSERVATION  OF  DOMAIN-SWITCHING  BY  ELECTRON  MICROSCOPY 


To  study  the  effect  of  an  external  applied  electrical  field  on  the 
domains  and  the  interaction  of  domains  with  microstructure,  a 
special  stage  for  the  transmission  electron  microscope  (TEM)  was 
designed  and  constructed.  The  stage  was  initially  constucted  by 
Gatan  Inc., and  was  subsequently  modified  as  experience  indicated 
preferred  configurations  for  ease  of  operation.  Schematic  diagrams 
of  the  TEM  stage  and  the  electrode  configuration  used  in  this  study 
are  shown  in  Figs.  18  and  19.  Platinum  wires  were  bonded  onto  an 
insulating  alumina  ring  using  silver  paste,  and  the  ring  was  placed 
in  the  bottom  of  the  TEM  stage.  The  Pt  wires  were  then  connected 
to  the  external  leads.  Gold  electrodes  (42  ^m  spacing)  were 
evaporated  onto  the  surface  of  the  specimen.  In  this 
configuration,  the  applied  electric  field  is  along  the  surface  of 
the  specimen  and  normal  to  the  incident  electron  beam.  The 
microscopy  was  performed  with  a  Philips  400T  electron  microscope, 
operated  at  120  kV  and  equipped  with  a  CCD  camera.  The  images  were 
recorded  on  video  tape  with  a  VCR. 

Results  obtained  from  preliminary  experiments  were  conducted  on  Fe- 
doped  and  undoped  BaTiOj  single  crystals.  The  magnitude  of  the 
applied  field  had  to  exceed  a  critical  value  before  domain¬ 
switching  occurred.  For  the  undoped  BaTiO,  sample,  the  critical 
field  for  domain-switching  was  approximately  5  kV/cm.  Only  the 
domains  oriented  along  the  direction  of  the  applied  field  appeared 
to  switch,  while  the  domains  oriented  normal  to  the  applied  field 
did  not  switch  even  in  the  presence  of  fields  stronger  than  the 
critical  field.  In  addition,  not  all  domains  oriented  along  the 
field  moved  to  the  same  extent  or  with  the  same  velocity.  When 
domains  oriented  parallel  to  the  field  direction  intersected  with 
domains  normal  to  the  field,  the  growth  of  the  domain  ceased.  In 
some  cases,  the  intersecting  domain  was  pinned  and  could  not  be 
switched  back  to  its  original  state  (either  by  removing  the  field 
or  by  applying  a  field  of  opposite  polarity) .  In  the  Fe-doped 
specimen,  the  field  required  to  switch  a  given  set  of  domains 
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increased  with  repeated  switching  of  the  domains.  In  the  case  of 
polycrystalline  BaTiO^,  the  domains  did  not  appear  to  switch  even 
in  the  presence  of  applied  fields  greater  than  100  kV/cm.  Possible 
reasons  are  the  pinning  of  the  domains  by  the  grain  boundaries  or 
other  local  effects  on  the  specimen  surface  that  may  result  in  a 
nonuniform  field  across  the  contacts. 

In  general,  the  switching  behavior  was  very  discontinuous.  As  the 
critical  field  was  approached,  the  leading  edge  of  the  domains 
became  very  nervous,  with  a  great  deal  of  rapid  jittering  back  and 
forth  with  small  amplitude  oscillations.  The  domain  then  moved 
very  rapidly  to  a  new  position,  and  the  process  started  over  again. 
The  dynamics  of  the  switching  behavior  can  only  be  appreciated  by 
observing  the  video  tapes.  Copies  are  available  to  anyone  who 
wishes  to  study  the  effects  personally.  The  results  have  been 
demonstrated  at  several  scientific  conferences  (see  the  references 
to  Chen,  Harmer,  and  Smyth;  Saikumar,  Harmer,  and  Smyth;  and 
Saikumar,  Chan,  and  Harmer  in  the  list  of  presentations.  Section 
VI)  . 

The  biggest  problem  with  this  experiment  is  the  fragility  of  the 
specimens.  They  must  be  thinned  until  they  are  transparent  to  the 
electron  beam,  and  it  is  then  difficult  to  connect  them  into  the 
electrical  circuit  without  breakage.  The  yield  of  acceptable 
samples  is  very  small,  and  this  reduced  the  number  of  specimens 
that  could  be  studied. 
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IX.  FIGURE  CAPTIONS 


1.  The  equilibrium  electrical  conductivity  of  BaTiO^  as  a 
function  of  temperature  and  oxygen  activity.  The  isotherms 
are  at  50®C  intervals. 

2.  The  equilibrium  electrical  conductivity  of  Pb  (Zr^^2Tii/2)  O3 
(PZT)  as  a  function  of  temperature  and  oxygen  activity.  Only 
relatively  oxidizing  conditions  are  shown. 

3.  A  schematic  diagram  of  the  equilibrium  defect  concentrations 
in  BaTiOj  as  a  function  of  oxygen  activity.  Only  the  free 
electron  and  hole  concentrations  are  shown. 

4.  A  schematic  diagram  of  the  equilibrium  defect  concentrations 
in  PZT  as  a  function  of  oxygen  activity.  The  concentration  of 
trapped  holes  has  been  included. 

5.  A  schematic  diagram  of  the  sealed  cell  used  for  the 
measurement  of  the  equilibrium  oxygen  activity  as  a  function 
of  temperature  at  constant  defect  concentrations. 

6.  The  equilibrium  oxygen  activity  of  PZT  in  the  p-type  region  as 
a  function  of  temperature  at  constant  defect  concentrations. 

7.  Arrhenius  plots  of  the  normalized  Seebeck  coefficient  toT 
acceptor-doped  PZT  measured  in  different  oxygen  activities. 
The  normalized  coefficient  is  proportional  to  the  log  of  the 
carrier  concentration. 

8 .  A  schematic  diagram  of  the  sealed  cell  used  for  the 
measurement  of  the  conductivity  as  a  function  of  temperature 
at  constant  defect  concentrations. 

9.  The  electrical  conductivity  of  PZT  in  the  p-type  region  as  a 
function  of  temperature  at  constant  defect  concentrations. 

10.  The  electrical  conductivity  of  BaTiOj  quenched  after 
equilibration  with  various  oxygen  activities  at  800  or  1000°C. 
The  bulk  conductivity  was  obtained  by  ac  impedance  analysis. 

11.  The  electrical  conductivity  of  PZT  quenched  after 
equilibration  with  various  oxygen  activities  at  700®C.  The 
bulk  conductivity  was  obtained  by  ac  impedance  analysis. 

12 .  The  electrical  conductivity  of  PZT  quenched  after 
equilibration  in  a  highly  reducing  atmosphere  at  700®C.  The 
bulk  conductivity  was  obtained  by  ac  impedance  analysis. 

13.  A  schematic  diagram  of  the  equilibrium  defect  concentrations 
in  PZT  as  a  function  of  oxygen  activity.  A  hypothetical  line 
for  the  concentration  of  trapped  electrons  has  been  included. 
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14.  The  normalized  remanent  polarization  for  thin,  polycrystalline 
BaTiOj  as  a  function  of  the  number  of  unipolar  switching 
cycles.  Results  for  undoped,  acceptor-doped,  and  donor-doped 
samples  are  shown. 

15.  The  normalized  remanent  polarization  for  undoped  and  donor- 
doped  PZT  thin  films  as  a  function  of  the  number  of  bipolar 
switching  cycles. 

16.  Defect  concentrations  as  a  function  of  donor  concentration  for 
PZT  in  which  the  acceptor  impurity  content  exceeds  the  amount 
of  PbO-loss. 

17 .  Defect  concentrations  as  a  function  of  donor  concentration  for 
PZT  in  which  the  amount  of  PbO-loss  exceeds  the  acceptor 
impurity  content. 

18 .  A  schematic  diagram  of  the  field  stage  in  which  an 
electric  field  can  be  applied  to  a  thinned  sample  in  the 
transmission  electron  microscope. 

19.  The  electrode  configuration  applied  to  the  thinned  samples. 
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